Nylon wool-nonadherent splenic cells from 7-to 8-week-old CBA mice were further fractionated on discontinuous Percoll gradients. Enrichment of natural killer (NK) cells in Percoll fractions 1 and 2 was confirmed by morphological examination, by immunofluorescent staining, and by assessing the cytolytic activity of each Percoll cell fraction against YAC-1 targets in the 4-h 51Cr release assay. Cells isolated from each Percoll fraction were tested for growth-inhibitory activity against Cryptococcus neoformans, a pathogenic yeastlike organism, by using an in vitro 18-h growth inhibition assay. The results showed that NK cell enrichment was concomitant with enrichment of anti-Cryptococcus activity in Percoll fractions 1 and 2. Cells from NK cell-rich fractions formed conjugates with the mycotic targets similar to the conjugates reported in NK cell-tumor systems. In addition, the percentage of effector cell-Cryptococcus conjugates was directly proportional to the level of the C. neoformans growth-inhibitory activity of the effector cells used. Scanning electron microscopy of the effector cell-Cryptococcus conjugates showed direct contact between the effector cells and the cryptococcal targets. An immunolabeling method combined with scanning electron microscopy was used to demonstrate that the effector cells attached to C. neoformans were asialo GM, positive and, therefore, had NK cell characteristics.
Murine models have provided insights into the interaction of the resistance mechanisms of hosts against cryptococci, and by using such models, researchers have described both natural and acquired host defenses. Macrophages and polymorphonuclear leukocytes have been reported as providing innate host defenses against C. neoformans (1, 4, 27) . Recently, data generated by Murphy and McDaniel (21) indicated that natural killer (NK) cells are potentially the third means of natural cellular resistance against this organism. The data of these authors provided for the first time substantial indirect evidence that unstimulated murine splenic cells with characteristics of NK cells can effectively inhibit the in vitro growth of C. neoformans (21) . It was shown that the cytotoxicities of the various murine splenic effector cell populations against YAC-1 targets directly correlated with the abilities of the effector cells to inhibit cryptococcal growth. When adherent cells were removed from the effector cell pools by passage through nylon wool columns, both NK cell activity against YAC-1 targets and growth-inhibitory activity against C. neoformans increased. The effector cells were similar to NK cells in that they were nylon wood-nonadherent (NWN) cells without immunoglobulin or significant amounts of Thyl or la antigens on their surfaces but expressed an asialo GM1 surface marker (21) . Although growth inhibition of C. neoformans by NK cells or * Corresponding author.
NK-like cells has been demonstrated, the nature of the effector cell-Cryptococcus target interactions is not yet known. Therefore, we began studies directed toward elucidating the mechanisms by which NK cells affect C. neoformans targets. The NK cell-tumor target model appeared to be a useful guide for these investigations. In this model, NK cells kill their targets through a nonphagocytic means, by forming conjugates with their tumor targets in vitro (6, 9, 24, 25) . Binding of the effector cells to the targets is a prelytic event in NK cell-tumor systems (9, 24) , so one interest which we had was whether effector cell-C. neoformans conjugates could be observed in our system. In this report, we present data which show that NK cell-enriched populations formed conjugates with C. neoformans targets. Furthermore, the numbers of effector cell-C. neoformans conjugates were directly proportional to the levels of growth-inhibitory activity of the effector cell populations. Finally, using immunolabeling combined with scanning electron microscopy (SEM), we demonstrated that effector cells which were attached to cryptococci were asialo GM1 positive, a characteristic of NK cells (11, 13) . Considering (i) that the cell populations being used were highly enriched for NK cells, (ii) that asialo GM1 is found at high densities on NK cells (13) , and (iii) that the dilution of anti-asialo GM1 being used did not result in labeling of the cells having low-density asialo GM1, then the data presented below provide strong evidence that NK cells were the cells forming conjugates with C. neoformans.
activity. YAC-1 cells were maintained in RPMI 1640 medium (GIBCO Laboratories, Grand Island, N.Y.) supplemented with 10% heat-inactivated fetal bovine serum, 100 ,ug of streptomycin per ml, and 100 U of penicillin per ml.
Mycotic target. C. neoformans isolate 184, a serotype A strain used throughout this study, has been described previously by Murphy and Cozad (20) . The organisms were maintained on modified Sabouraud agar slants and were harvested from slants after 72 h of incubation at room temperature.
Preparation of the effector cells. Effector cells were prepared as previously described by Murphy and McDaniel (21) . Briefly, mice were sacrificed by cervical dislocation. Spleens were pooled, and single-cell suspensions were prepared in Hanks balanced salt solution. Erythrocytes were removed by treating the preparation for 2 min with an ammonium chloride Tris-buffered solution, a treatment which did not significantly affect NK cell activity. The cells were washed twice in RPMI 1640 medium containing 5% fetal bovine serum before being passed through nylon wool columns. The NWN cell populations contained an average of 95% viable cells, with only 2% immunoglobulin-positive cells and 1% esterase-positive cells. To further enrich for Ni cells, NWN cells were separated into five fractions on discontinuous Percoll gradients consisting of 70 to 30% Percoll (Pharmacia, Uppsala, Sweden) by using the method of Luini et al. (17) . Each cell fraction was collected, washed twice in Hanks balanced salt solution, suspended in RPMI 1640 medium containing 10% fetal bovine serum, and used in the experiments. The cell viability of each cell fraction was determine'd by trypan blue dye exclusion.
Cytotoxicity assay against YAC-1 targets. The 51Cr release assay described by Murphy and McDaniel (21) (14) to assess macrophage-monocyte contamination.
Giemsa staining. Cytocentrifuged slide preparations of each Percoll cell fraction were stained with 3% aqueous Giemsa solution and examined by using a 100x objective on an Olympus microscope.
C. neoformans growth inhibition assay. The growth inhibition assay which we used has been described previously (21) . Briefly, 0.1-ml portions of each effector cell population (106 cells per ml) were mixed with 0.1-ml portions of C. neoformans target cells (2 x 104 cells per ml) in RPMI 1640 medium containing 10% fetal bovine serum and antibiotics (ratio of effector cells to target cells, 50:1) in duplicate in 96-well flat-bottom microtiter plates. Control wells contained the target cells and tissue culture medium. The plates were incubated for 18 h at 37°C in an atmosphere of 5% C02; then the contents of each well were serially diluted, and 1-ml portions of each final dilution were plated in duplicate onto modified Sabouraud dextrose agar plates. The number of C. neoformans CFU was determined after 3 days of incubation at room temperature, and the percentage of growth inhibition was calculated as follows: % of growth inhibition = [(mean CFU of control -mean CFU of experimental culture)/mean CFU of control] x 100.
Enumeration of effector cell-C. neoformans conjugates. Samples of effector cells obtained from different Percoll fractions on NWN cells were incubated with C. neoformans target cells at a ratio of effector cells to target cells of 2:1 for 18 h at 37°C in an atmosphere containing 5% CO2. Then the samples were stained with 0.25% alcian blue in serum-free RPMI 1640 medium (pH 6.4) for light microscopy. The percentage of effector-target conjugates in each fraction was calculated after counting 400 effector cells.
Preparation of antibody-latex conjugates (immunolatex).
Covalent binding of goat anti-rabbit antibodies (Cappel) to 0.24-rim latex spheres (Polysciences Inc., Warrington, Pa.) was done by using a modification of the method of Gamliel et al. (7) . While being stirred at room temperature, 0.2 ml of 2.5% solid monodispersed latex spheres and 0.05 ml of diluted antiserum containing 250 ,ug of protein per ml were added to 4.65 ml of 0.01 M phosphate buffer (pH 9.4). The final volume was brought to 5.0 ml by adding 0.1 ml of 1% glutaraldehyde. The reaction mixture was stirred for 2 h, quenched with 0.1 M glycine, and dialyzed against phosphate buffer (pH 9.4) for 24 h at 4°C. The conjugated latex preparation was centrifuged at 17,400 x g for 25 min, and the pellet was suspended in phosphate-buffered saline (pH 9.4). The large aggregates were removed by centrifugation at 1,940 x g for 20 min before the conjugated latex spheres were used for indirect labeling of cells. Cell labeling and specimen preparation for SEM. Effector cells obtained from Percoll fractions 1 and 2 were adjusted to a concentration of 107 cells per ml, and 0.1 ml of this preparation was incubated with 0.1 ml of C. neoformans at a concentration of 5 x 106 cells per ml (ratio of effector cells to target cells, 2:1). For controls, 0.1 ml of the C. neoformans target cells was incubated in the presence of an equal volume of tissue culture medium for 18 h at 37°C. After incubation, the effector cell-target cell mixtures or target cells alone were fixed in 1% glutaraldehyde in phosphate-buffered saline (pH 7.0) at room temperature. two washes with phosphate-buffered saline (pH 7.0) containing 0.1% bovine serum albumin. Next, the cells were treated with 0.05 ml of a 1:40 dilution of rabbit anti-asialo GM1 or normal rabbit serum as a control for 30 min at room temperature. After two washes with phosphate-buffered saline containing 0.1% bovine serum albumin (pH 7.0) and a final wash with phosphate-buffered saline containing 0.1% bovine serum albumin (pH 9.4), the cells were treated for 30 min at room temperature with 0.1 ml of monodispersed latex spheres conjugated to goat anti-rabbit antiserum. The unbound latex spheres were removed by three washes with phosphate-buffered saline containing 0.1% bovine serum albumin (pH 9.4) and low-speed centrifugation. The labeled cells were stored in cacodylate buffer-0.1 M sucrose-1% glutaraldehyde overnight at 4°C. Then the cells were mounted on poly-L-lysine (Sigma Chemical Co., St. Louis, Mo.)-coated cover glasses (Carolina Biological Supply, Bur- lington, N.C.), treated with 1% osmium tetroxide at 4°C for 1 h, and washed with cacodylate buffer. The cells were dehydrated with a series of increasing concentrations of ethanol in water and subjected to critical point drying. The cover glasses were mounted on specimen stubs, and this was followed by sputter coating with gold-palladium. Samples were examined with an Etec Autoscan microscope.
RESULTS
Effect of Percoll fractionation of NWN splenic cells on C. neoformans growth-inhibitory activity. Effector cell-target cell conjugates can be more frequently observed if highly purified populations of NK cells are used; therefore, after obtaining the NWN splenic cell fraction, we further enriched for NK cells by fractionating the NWN cells on five-step discontinuous Percoll gradients (Fig. 1A) . To establish that NK cell enrichment was being achieved by Percoll fractionation, the morphology, phenotype, and function of the splenic NWN cells and the cells from each Percoll fraction were determined. Light microscope examination of Giemsastained cytocentrifuged preparations of the cells (Fig. 1B  through F) showed that the morphological characteristics of the cells in each fraction were consistent with the report of Luini et al. (17) . Low-density cells from fractions 1 and 2 contained about 35% large granular lymphocytes plus some large agranular lymphocytes, as described by Kumagai et al. (16) and Itoh et al. (10) ; fractions 3 and 4 contained mainly small lymphocytes, and fraction 5 consisted of cell debris and erythrocyte ghosts. The phenotypes of the various cell fractions were determined by surface marker analysis, using immunofluorescent staining. As indicated in Table 1 , approximately 40% of the cells in fractions 1 and 2 stained with anti-asialo GM1, a marker found at a high density on NK cells (11, 13) . Although asialo GM1 has been reported to be found at low densities on macrophages and polymorphonuclear leukocytes of other species (9, 13) , the dilution of anti-asialo GM1 antibody used in this study in the indirect immunofluorescence assay did not label the adherent fraction of murine splenic cells. (25:1) was used due to insufficient yields from certain cell fractions (Fig. 2) (Fig. 2) demonstrated that almost 80% of the total measurable growth-inhibitory activity against C. neoformans was present in the NK cell-rich fractions. Furthermore, the antiCryptococcus activities of fractions 1 and 2 were approximately three to four times higher than the activity of the NWN cell population when the preparations were tested in identical assays. Fraction 3 had low growth-inhibitory activity, and fractions 4 and 5 did not show significant levels of anti-Cryptococcus activity.
C age of conjugates in the unfractionated NWN population (Fig. 2) .
SEM studies of effector cell-C. neoformans conjugates. To gain a higher level of resolution and obtain a more detailed view of the effector cell-target cell interactions and morphology, samples of the effector cell-Cryptococcus mixtures, effector cells alone, or C. neoformans cells alone were processed for SEM after incubation for 18 h by using identical preparation conditions for all samples. Since the level of cell recovery from fraction 1 was very low (approximately 1 to 3% of the total input [ Table 1 ]), fractions 1 and 2 were pooled and used against C. neoformans for these studies.
In the scanning electron microscope, the effector cells cal cells because they vary in size from 4 to 20 p.m and budding forms are frequent. The cryptococcal cells appeared to be spherical to oval shaped with relatively smooth surfaces having occasional fragments of a lacy material which was most likely capsular remnants. The capsular material was apparently partially removed from the cells during the preparation for SEM studies. In the SEM images of effector cell-C. neoformans conjugates, the effector cells usually had a broad contact area with the cryptococcal targets, and in virtually all cases we observed appendages connecting the effector cells to the targets (Fig. 3 through 5 ) (19; Murphy, Curr. Top. Med. Mycol., in press). Once we established visualization of the effector cell-C. neoformans conjugates with SEM, we wanted to demonstrate that the effector cells attached to C. neoformans cells had NK cell-associated surface markers by using an indirect immunoelectron microscopy method. This method included treating the cells with rabbit anti-asialo GM1 as the primary antibody, followed by goat anti-rabbit antibody conjugated to latex spheres as the secondary antibody system. In all of the cases observed the lymphocytes attached to cryptococci were labeled with immunolatex spheres (Fig. 4) . In control experiments in which the cells were treated first with normal rabbit serum in place of rabbit anti-asialo GM1 and then with goat anti-rabbit antibody-conjugated latex spheres, the effector cells attached to C. neoformans targets remained free of latex spheres (Fig. 5) , indicating that the effector cells had been specifically labeled by this method. C. neoformans cells associated neither with the anti-asialo GM1 nor with normal rabbit serum; therefore, they remained free of latex spheres in both cases (Fig. 6 ). In the SEM preparations of the effector-C. neoformans cell mixtures, both budding and nonbudding yeast cells were observed in direct contact with the effector cells. Although C. neoformans and effector cells could be easily differentiated by electron microscopy, we selected only the conjugates which had budding C. neoformans cells, so that it would be absolutely clear to those viewing only a minimal number of photomicrographs which cells were the effectors and which cells were the targets.
Phagocytosis of C. neoformans by the effector cells or the tendency toward phagocytosis of the crytococcal targets was not observed during the SEM studies of the effector cell-C. neoformans conjugates (Fig. 3 through 5) (19; Murphy, in press ). This might be expected since the effector cells collected from the low-density fractions (i.e., fractions 1 and 2) were virtually free of phagocytic cells, such as macrophages and polymorphonuclear leukocytes ( Fig. 1 and Table  1 ). These observations indicate that growth inhibition of cryptococci was by a nonphagocytic mechanism, and they strengthen the view that NK cells, not phagocytic cells, were responsible for C. neoformans growth inhibition in our system. DISCUSSION In this paper we offer direct evidence that the effector cells collected from NK cell-rich Percoll gradient cell fractions 1 and 2 were capable of binding to C. neoformans targets and forming effector cell-target cell conjugates similar to those reported by other workers in NK cell-tumor systems (6, 24, 25) . Furthermore, the number of effector cell-C. neoformans conjugates were directly proportional to the levels of NK cell activity of the effector cell populations used.
In previous studies (21), it was shown that the cytotoxicities of YAC-1 target cells induced by various murine splenic effector cell populations directly correlated with the growthinhibitory activities of the effector cells against C. neoformans. When adherent cells were removed from the effector cells by nylon wool passage, both NK cell activity against YAC-1 target cells and growth-inhibitory activity against cryptococci increased. In the present study, when we further enriched for NK cells by fractionation of the NWN splenic cells through five-step discontinuous Percoll gradients, the NK cell activity against YAC-1 target cells, as well as the growth-inhibitory activity against cryptococci, was enhanced two-to fivefold in NK cell-rich Percoll fractions 1 and 2. Furthermore, with NK cell-rich effector cell populations, an effector cells to target cells ratio one-tenth that used in previous investigations could be used for the assay, and a substantial level of Cryptococcus growth inhibition was achieved with this significantly lower ratio. Percoll fractions 1 and 2, which were virtually free of macrophages, as shown by their esterase-negative characteristics, inhibited the growth of cryptococci considerably better than NWN cell preparations, which contained 1% macrophages, when used in identical assays. These results eliminate the possibility that contaminating macrophages were involved in inhibiting C. neoformans growth. Furthermore, phagocytosis, which is generally a prerequisite for macrophage killing, was not observed at any time when Percoll fraction 1 and 2 effector cells were associated with cryptococci. The effector cells had a broad contact area with C. neoformans targets; however, they did not have pseudopodial projections, nor did they show any tendencies to engulf the organisms (Fig.  3A and B) . Instead, the appendages of the effector cells extended toward the target cells and made perpendicular contact with the cryptococcal cell surfaces (Fig. 3B) . Similar appendages have been observed in scanning electron micrographs by us (unpublished data) as well as by other workers (2) between NK cells and target cells which are recognized by NK cells (i.e., YAC-1 and K562 cells). These observations strengthened the concept that C. neoformans growth inhibition was not the result of a phagocytic mechanism. The inhibitory effects on the cryptococcal targets were exerted, most likely, after direct contact was established between the effector cells and the target cells, since conjugates could be detected earlier than growth inhibition (unpublished data). It is possible that soluble inhibitory substances (factors) are VOL. 50, 1985 on October 28, 2017 by guest http://iai.asm.org/ Downloaded from secreted by the effector cells into the microenvironment between the two cells or into the medium, as has been suggested in the NK cell-tumor cytolytic models (2, 5, 28) . The inhibitory factors could be associated with the large granules seen in NK cells (8, 23) .
In the SEM studies of the effector cell-C. neoformans conjugates, effector cells in direct contact with cryptococci specifically bound anti-asialo GM1 antibody. The rabbit anti-asialo GM1 antibody used in the immunoscanning electron microscopy experiments has been shown to be relatively specific for NK cells in many laboratories (11) (12) (13) . In addition, we have previously demonstrated that treatment of NWN cells with anti-asialo GM1 and complement significantly reduced both NK cell activity against YAC-1 target cells and growth-inhibitory ability against C. neoformans (21). Although asialo GM1 has been reported to be found at low densities on macrophages and polymorphonuclear leukocytes of other species (9, 13) , the dilution of anti-asialo GM1 antibody used in this study, in an indirect assay, did not label the adherent fraction of murine splenic cells. Therefore, we concluded that the effector cells in direct association with C. neoformans were NK cells.
Observations made during the SEM studies suggested that the NK cells were likely to recognize some structures on the cryptococcal cell wall other than the capsule. This was proposed because cryptococci or effector cell-C. neoformans mixtures which were subjected to additional washing steps during the immunolabeling procedures had less lacy capsular material clinging to the cryptococcal surfaces than did the cells which were prepared for studies not involving immunolabeling. Other investigators have also reported the destruction of capsular material during routine electron microscope specimen preparation (15) . Despite the loss of the capsular material, effector cell appendages were firmly attached to the cryptococci and did not dissociate during immunolabeling preparation for electron microscopy. These appendages were in association with the smooth surface of the organism rather than with the lacy capsular material (Fig.  3B ). Other data from our laboratory also support the idea that the effector cells do not associate with the cryptococcal capsule. For example, growth inhibition of C. neoformans by the effector cells was independent of the size or serotype of the cryptococcal capsules (21) . Furthermore, in preliminary experiments, when C. neoformans culture filtrates which contained capsular polysaccharide (22) were added to effector cell-C. neoformans mixtures at the initiation of the growth inhibition assay, cryptococcal growth inhibition was not affected (Murphy, unpublished data) suggesting that capsular components could not block binding of the effector cells to the cryptococci. Further work must be done to establish the nature of the effector cell attachment site on the C. neoformans target cells.
Our data establish that the effector cells against C. neoformans fit the characteristics defined for NK cells. The effector cells are NWN, nonphagocytic, low density, large granular lymphocytes, immunoglobulin negative, and free of Thyl antigen or have low-density Thyl antigen, and they bear asialo GM1. In this study, we demonstrated that NK cells make direct contact with cryptococcal targets without phagocytosis, indicating that the growth inhibition of the cryptococci is an extracellular event. Furthermore, we showed that the percentage of the conjugates was proportional to the level of cryptococcal growth inhibition, suggesting that association of effector cells with the cryptococcal target cells may be essential to inhibition of the growth. entire mechanism of C. neoformans growth inhibition by NK cells.
